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MSSM vacua from Flux Compactifications 



Fernando Marchesano and Gary Shiu 
Department of Physics, 1150 University Avenue, University of Wisconsin, Madison, WI 53706 

We construct the first Z) = 4 Minkowski string theory vacua of flux compactification which are 
(i) chiral, (ii) free of NSNS and RR tadpoles, and (iii) A/" = 1 or A/" = supersymmetric. In 
the latter case SUSY is softly broken by the fluxes, with soft terms being generated in the gauge 
and chiral sectors of the theory. In addition, the low energy spectrum of the theory is MSSM-like 
with three generations of chiral matter, the dilaton/complex structure moduli are stabilized and the 
supergravity background involves a warped metric. 

PACS numbers: 11.25.Mj,11.25Wx 
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Moduli stabilization and supersymmetry breaking are 
perhaps the two most pressing problems in string phe- 
nomenology. Generic D — A, J\f = 1 string vacua possess 
a large number of moduli, which typically remain mass- 
less unless supersymmetry is broken. Recently, there 
have been some attempts to stabilize moduli in string 
theory by considering compactifications with fluxes 
Interestingly, depending on how the gauge and chiral sec- 
tors are embedded, these background fluxes can also in- 
duce SUSY-breaking soft terms 0, Q • While this is an 
interesting scenario, there is no concrete global construc- 
tion in which the full gauge and matter content of the 
Standard Model is embedded in this framework. In fact, 
previous attempts 0, 0| seem to suggest that there is 
some incompatibility between chirality and Af = 1 flux 
compactifications. 

The purpose of this letter is to present the first exam- 
ples of chiral D = 4 flux vacua leading to a MSSM-like 
spectrum. We construct both Af = 1 and — models, 
in the latter case SUSY being broken by the presence of 
the flux. However, both Ramond-Ramond and Neveu- 
Schwarz tadpoles cancel, so our examples are free of the 
usual stabilization problems of non-supersymmetric mod- 
els. Nevertheless, SUSY breaking is felt by the chiral and 
gauge sectors of the theory, in such a way that soft terms 
are induced in the effective theory. 

The construction of the model is based on type IIB 
string theory compactified on a T®/(Z2 x Z2) orbifold, 
modded out by an orientifold action. When no RR and 
NSNS fiuxes are turned on, these models are related by 
T-duality to 0,0 ■ The Z2 x Z2 generators 0,ll> act as 
6 : (21,22,^3) i-Zi,-Z2,Z3) and uj : (2:1,22,^3) '-^ 
(zi, —Z2, —Z3). The orientifold modding is given by 07?,, 
where TZ : (zi, Z2, 23) 1-^ (— ^i, —22, — -^3) and fl the usual 
world-sheet parity. The model thus contains 64 03- 
planes and 4 OT^-planes, each of them localized at Z2 
fixed points on the i*'* and wrapping the other two. 

The above closed string background generates a non- 
trivial contribution to the Klein bottle string amplitude 
and hence crosscap tadpoles, which can be canceled by 
introducing an open string sector. This sector consists of 
type IIB D(3 -I- 2n)-branes, filling up £> = 4 Minkowski 



space and wrapping 2n-cycles on the compact manifold. 
The particular example we present below contains D3, 
D7 and (anti)D9-branes. The latter two may contain a 
non-trivial magnetic field strength F — dA in the internal 
worldvolume components, as allowed by I? = 4 Poincare 
invariance. This non-trivial gauge bundle usually re- 
duces the rank of the gauge group and, upon Kaluza- 
Klein reduction, leads to _D = 4 chiral fermions. This 
magnetic fiux also induces D-brane charge of lower di- 
mension, contributing to the corresponding tadpole. For 
instance, a D9-brane with magnetic fiux will usually have 
also charges of D7, D5 and D3-brane. 

The general framework for constructing magnetized D- 
brane models in this specific setup was derived in 0, 
whose notation and conventions we will follow. The topo- 
logical information of a set of Na D-branes is encoded in 
six integers (n^, to^): is the number of times that the 
D-branes wrap the i*'* T^ and ri^ is the unit of magnetic 
fiux in that torus. The magnetic field of such D-branes 
then satisfies 
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(1) 



This notation also describes D7, D5 and D3 branes. 
For instance, a D7-brane not wrapped on the first torus 
is expressed as [{nl,ml)] x [{nl,ml)] x [{nl,ml)] = 
[(1,0)] X [(riai'Ti^)] X [('^ai"^o)]; whcrcas a D3-brane as 
[(1,0)] X [(1,0)] X [(1,0)]. The chiral spectrum arising 
from two sets of D-branes a and b is determined by the 
'intersection product': 



(2) 



We also demand the D-brane content to be invariant 
under the full orientifold symmetry group. In terms of 
the Z2 X Z2 symmetry, this implies that D-branes fixed 
under any of the elements of this group must carry in- 
variant Chan-Paton factors, projecting the initial U{Na) 
gauge group to U{Na/2). On the other hand, invariance 
under QTZ implies that to each D-brane a with topologi- 
cal numbers (n^,TO^) we must add its image under QTZ, 
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that is, a D-brane a' with magnetic numbers {n^, — m^). 
This in particular impUes that the total D9 and D5-brane 
charge of the configuration will vanish. Finally, we may 
consider D-branes fixed by some elements of Z2 x Z2 and 
WZ, which will carry a USp{Na) gauge group. The gen- 
eral chiral spectrum is summarized in Table 



Sector 


Representation 


aa 


U{Na/2) vector multiplot 
3 Adj. chiral multiplcts 


ab + ba 


lab inia,nib) chirals 


ab' + b'a 


lab' (□a.Di,) chirals 


aa' + a'a 


^(laa' - 4:Ia.o) m chirals 
lUaa' + 4-fa,o) ~ chirals 



TABLE I: Chiral spectrum on generic magnetized D-branes 
in the T^/ (Z2 x Z2) iiTZ orientifold. la.o stands for the inter- 
section product between Da-brane and the orientifold plane. 



A consistent string model must satisfy the RR tadpole 
cancellation conditions, which in this particular setup 
read: 



Y.a^c,nlnlnl =16, 

Ea^"™i"a"ta = -16, 

J2a^o,nlmlml = -16. 



(3) 



If we require the D-brane model to be A/" = 1 supersym- 
metric we must impose, in addition. 



^tan"^ 



ml,A^ 



= 0, 



(4) 



where Ai is the area of the z*'* in a' units. Cancella- 
tion of NSNS tadpoles follows from ^ and Q . 

In Table |n] we present an example of a magnetized 
D-brane model satisfying all the previous requirements, 
while still yielding a semi-realistic chiral spectrum. In- 
deed, is easy to see that RR tadpoles are satisfied 



by simply imposing g 



Nf 



14. Notice that this give 



us an upper bound 5 < 3. Interestingly enough, g will 
turn out to be the number of families in our model. On 
the other hand, the supersymmetry conditions Q can be 
satisfied by simply choosing 



A2 = A3=A 
taTi-^{A/3) + t(i-n-^{A/4) + tan-i(yli/2) = tt 



(5) 



The chiral spectrum of this model can be computed 
from Table HI and is easy to show that it leads to a 
SU{A) X USp{2) X USp{2) x C/(l)3 x USp{8Nf) gauge 
group. Not all of these Abelian factors will remain as 



AT 




i'„2 2-. 




Na=6 + 2 


(1,0) 


(5,1) 


(3,-1) 


Nb = 2 


(0,1) 


(1,0) 


(0,-1) 


Nc = 2 


(0, 1) 


(0,-1) 


(1,0) 


iVhi = 2 


(-2,-1) 


(3,1) 


(4,1) 




(-2,-1) 


(4,1) 


(3,1) 


8Nf 


(1,0) 


(1,0) 


(1,0) 



TABLE IL D-brane magnetic numbers giving rise to an A/" = 1 
chiral spectrum. For the particular value of 3 = 3, we recover 
the MSSM spectrum as a subsector of the theory. 



gauge symmetries of the low energy theory, since some of 
them will couple to closed string RR fields mediating a 
generalized Green-Schwarz (GS) mechanism which can- 
cels mixed U{l)a — SU{Np)'^ and gravitational anomalies. 
The corresponding gauge boson will acquire a Stueckel- 
berg mass and the previous gauge symmetry will remain 
as a global symmetry of the effective Lagrangian. In addi- 
tion, the U Sp{8Nf) factor will only remain as such when 
the 8A^/ D3-branes are placed on top of an orientifold 
singularity. By moving them away, we can Higgs this 
group down to U{l)'^^f . After all these considerations 
we recover a gauge group of the form 



SU{4) X SU{2) X SU{2) x C/(l)' x U{1) 



2N, 



(6) 



where we have made use of the identity U Sp{2) ~ SU{2). 
The Abelian factor not coming from D3-branes and sur- 
viving the GS mechanism is given by U{iy = U{l)a — 
2g[U{l)hi — U{l)h2]- We thus find a Pati-Salam gauge 
group plus some additional Abelian factors. 

The chiral spectrum of the theory contains g genera- 
tions of quarks and leptons arranged in Pati-Salam multi- 
plets, as well as a MSSM Higgs sector. In addition, there 
is some exotic chiral matter charged both under the Pati- 
Salam gauge group and the J7(l)' Abelian factor. This 
exotic spectrum greatly simplifies for the particular case 
g = 3, which is displayed in Table Hill 

In addition to the chiral multiplets presented in Ta- 
ble mil there are matter fields not charged under the 
Pati-Salam gauge group. Of particular interest are those 
in the {hih'^) sector of the theory, of multiplicity 196 
and uncharged under the gauge group ©. These chi- 
ral multiplets parametrize a moduli space of flat direc- 
tions in the A/" = 1 effective theory, which can acquire 
a non-vanishing v.e.v. From the D-brane physics per- 
spective, this amounts to (anti)D9-brane recombination 
hi + h'2 /i which only breaks the U{l)hi+U{l)h2 gauge 
factor, already massive at low energies. Thus, perform- 
ing this Higgsing does not affect the low energy gauge 
group, and in particular the Pati-Salam sector. It does, 
however, have an important effect on the chiral spectrum 
of the theory. Indeed, the recombined D-brane system 
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bector 


Matter 


o(7(4) X bilyl) X bilyl) 


(7(1) 


(ab) 


Fl 


3(4,2,1) 


1 


(ac) 


Fr 


3(4,1,2) 


-1 


(be) 


H 


(1,2,2) 





{ah[) 




6(4,1,1) 


5 


(a/12) 




6(4,1,1) 


-5 


(bhi) 




8(1,2,1) 


6 


(bhi) 




6(1,2,1) 


-6 


(ch^) 




6(1,1,2) 


6 






8(1,1,2) 


-6 



TABLE III: Three generation Pati-Salam N = 1 spectrum 
derived from the D-brane content of table ^ We display the 
chiral exotics charged under the non-Abelian factors. 



h is nothing but an anti-D9-brane with a gauge bundle 
which is a deformation of the direct sum of the bundles 
hi and As such, it contains a [/(I) gauge theory and 
posses the magnetic charges [Q/i] = [Q/iJ + WZ[Q,h2]- 
We can compute the chiral spectrum of this deformation 
of Table |n] with the same topological formulae of Table 
^ finding that the final theory has the extremely simple 
chiral content of Table IIVI 



Sector 


Matter 


SUiA) X SU{2) X 5'!7(2) 


u{iy 


(ab) 


Fl 


3(4,2,1) 


1 


(ac) 


Fr 


3(4,1,2) 


-1 


(be) 


H 


(1,2,2) 





(hh) 




2(1,2,1) 


6 


[ch) 




2(1,1,2) 


-6 



TABLE W: N = 1 spectrum derived from the D-brane con- 
tent of Tableim after D-brane recombination. There is no chi- 
ral matter arising from ah, ah' , hh' or charged under ?7(l)^^-f . 



This spectrum can be further simplified by perform- 
ing additional Higgsing, but we will not pursue this di- 
rection here. Notice that the Pati-Salam sector of the 
theory (i.e., the upper part of the Table ITl)) is not in- 
volved in the D-brane recombination process, and hence 
remains as a simple sector of three sets of D7i , D72 and 
DTa-branes, the first of them with a (factorisable) gauge 
bundle in their internal worldvolume. For the particular 
choice g — i, this sector is nothing but a T-dual ver- 
sion of the local intersecting D-brane model constructed 
in 1^, which captures most of the semi- realistic physics 
features of the present construction. As shown in the lo- 
cal construction in the Pati-Salam spectrum can he 
broken to a SU{i) x SU{2) x U{1)y MSSM spectrum by 
simple Higgsing, with the usual Higgs sector and a /i- 
term. Moreover, the simplicity of this local model allows 
us to compute the MSSM Yukawa couplings analytically 



in terms of theta functions [3, |S{ , with the result of one 
heavy generation of quarks and leptons. 

Although this simple construction contains a low en- 
ergy spectrum remarkably close to the MSSM, it still 
lacks some basic ingredients for constructing a fully real- 
istic model of particle physics. First, the theory contains 
a large number of closed string moduli fields, which trans- 
late into unobserved massless fundamental scalars in the 
effective theory description. Moreover, supersymmetry 
must be broken at some level, in order to generate a non- 
vanishing masses for Standard Model superpartners. No- 
tice, as well, that the hidden sector of this theory does 
only contain Abelian factors, and hence the usual field 
theory mechanism for SUSY breaking via gaugino con- 
densation in a strongly-coupled hidden sector would in 
principle not work. 

It has been recently realized, however, that the two 
generic problems of string constructions mentioned above 
can be simultaneously solved by introducing non-trivial 
RR and NSNS 3-form fluxes in the theory. These type 
IIB fluxes indeed generate a scalar potential for the dila- 
ton and complex structure moduli fields, freezing them 
at some particular values 0, 0, 0| . In addition, super- 
symmetry can be broken by some particular components 
of the flux, while the cosmological constant remains zero 
(to lowest order) due to the no-scale structure of the po- 
tential Nevertheless, part of the open string sector, 
in particular D7-branes and chiral matter between them, 
feels such flux supersymmetry breaking, which gener- 
ates soft SUSY breaking in the low energy effective La- 
grangian 0. This soft terms structure, moreover, turns 
out to be particularly simple and have suggested interest- 
ing solutions to several problems associated with general 
soft SUSY breaking patterns 

An important feature of the model constructed above 
is that it not only allows to embed a semi-realistic gauge 
and chiral sector, but also can include the presence of 
nontrivial RR (F3) and NSNS (iJs) 3-form fluxes. In- 
deed, an antisymmetric fleld background of the form 
Ga = -Fa — tH^ , t = a + i / gs being the type IIB axion- 
dilaton coupling, carries a D3-brane RR charge given by 

iV,„, = ^-^/ ^L^e64Z (7) 
(47r2a')2 Jm^ 2Imr 

the multiplicity of 64 due to the quantization conditions 
of F3 and in this orientifold background j^. A 3- 
form flux satisfying the BPS-like ISD condition {*qG^ = 
iGz) will carry both RR and NSNS positive D3-brane 
charges. As a result, the D3-brane tadpole conditions for 
the previous model get modifled to -I- Nf + j^^iVfiux = 
14. This allows for several solutions of the form 

.5 = 3, iVflux = 64, Nf = 1 

.5 = 2, TVflux = 2-64, = 2 

•5 = 1, ^fiux = 3 • 64, iV/ = 1 
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As an example, let us consider the last solution. It can 
be achieved by considering the 3-forni flux 



{dzi dz2 dz3+dzidz2dz3 +dzidz2dz^ ) (8) 



which fixed the untwisted complex structure moduli and 
the dilaton to n = ra = = r = e^'^*/^. The flux © 
is a combination of (2, 1) 3-forms, and hence the closed 
string background preserves M — 1 supersymmetry |l4l | . 
We thus conclude that, unlike what previous attempts 
may have suggested 0, , it is indeed possible to find 
chiral M = 1 string theory vacua involving 3-form fluxes 
and magnetized D-branes. A more realistic example is 
given by choosing g ~ i and A^aux — 64. The latter can 
be achieved by choosing 

G3 — 2 {dzidz2dz3 + dzidz2dz3 + dzidz2dz3 + dzidz2<Iz3) 

with dilaton and complex structure moduli ti — T2 — 
T3 = T = i 0]. Since the above G3 flux contains a (0, 3) 
component, supersymmetry will be broken by this closed 
string background field. Although NSNS tadpoles are 
still canceled, this component of the flux will generate a 
non- vanishing gravitino mass as well as soft terms for the 
MSSM effective Lagrangian 0. 

Although we have performed this construction on the 
particular Z2 x Z2 background of , similar techniques 
can be carried out in the alternative Z2 x Z2 oricntifold 
considered in 0, and other compactifications. Hence, 
the construction of MSSM flux vacua does not seem to 
be limited to a particular closed string background. We 
will present these flux compactification examples in |l7| . 

Having constructed these — 1 and A/" = compact 
models, both being chiral examples of the warped metric 
solutions found in [l^ . one may naturally wonder what 
is their lift to F-theory. One can also consider heterotic 
and type HA duals of the above constructions, 
both probably involving non-Kahler geometries. 

These explicit models, in particular those with Af — 0, 
also provide a good starting point for studying the phe- 
nomenological possibilities of D = A chiral flux compacti- 
fications. In particular, how the general pattern of SUSY- 
breaking soft terms deduced from Q apply to these par- 
ticular compact examples. Although a naive general 
analysis suggest a typical scale of order a'/ y^Vol{T^) 
for these terms which favors an intermediate string scale 
Ms = lO^^GeV, a non-trivial, inhomogeneous warp fac- 
tor may change this situation. It would be interesting to 
see if this is the case. Finally notice that, besides real- 
izing flux-induced SUSY breaking, these models contain 
basic ingredients of the recent proposal for constructing 
de Sitter vacua from string theory [ig , so it would be nice 
to find examples combining both scenarios. We hope to 
report on these issues in the future. 

To sum up, we have constructed some examples of 
string vacua that gather several essential ingredients for 



building a fully realistic string theory model. We consider 
both D-branes and RR and NSNS 3-form fluxes in the 
same construction. The D-brane sector introduces a non- 
Abelian gauge group and chiral matter charged under it, 
allowing for MSSM-like spectra. The 3-form flux back- 
ground generates a potential for the dilaton and complex 
structure moduli of the compactification, freezing them 
to some particular value. If in addition we consider a 
supersymmetry breaking flux, soft terms would be in- 
duced for the gauge and chiral sectors of the theory. We 
find it quite remarkable that all these interesting features 
can be realized in the same string theory construction, in 
the absence of NSNS tadpoles, and with such a partial 
knowledge of the whole set of string/M-theory vacua. 

We wish to thank L. Ibafiez and A.M. Uranga for use- 
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CAREER Award No. PHY-0348093, and a Research In- 
novation Award from Research Corporation. 
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This choice of complex dilaton gives Qs — 1 and string 
perturbation theory may seem no longer reliable. How- 
ever, there are also solutions with arbitrarily small gs- 



